Using an asymptotic analysis, we obtain an eigenvalue equation for the general mode dispersion in Bragg fibers. The asymptotic analysis is applied to calculate the dispersion relation and the field distribution of TE modes in a Bragg fiber. We compare the asymptotic results with exact solutions and find excellent agreement between them. This asymptotic approach greatly simplifies the analysis and design of Bragg fibers.
1
An especially appealing feature of these fibers is the possibility of guiding light in an air core, which has attracted considerable recent interest. 2 -5 Potential advantages of air-core fibers are lower absorption loss and higher threshold power for nonlinear effects. These f ibers also offer other possibilities such as atom guiding by optical waves. 3 In the original proposal and analysis of Bragg fibers, 1 it was shown that confined modes exist in a Bragg f iber that consists of a low-index core, including air, surrounded by a suitably designed alternating cladding of high-and low-refractive-index media (see Fig. 1 ). An experimental demonstration of waveguiding in Bragg fibers was recently reported. 4 The exact theoretical analysis of Bragg f ibers in Ref. 1 is considerably more complicated than that of planar Bragg waveguides. 6 One main reason is that the Bloch theorem no longer applies to cylindrically symmetric geometries such as Bragg fibers. Therefore it is diff icult to find an equation that determines the confined modes. Instead, we must treat the confined modes as quasi modes and find the guided modes by minimizing the radiation loss, which can be quite complicated. 1 In this Letter we develop a formalism to analyze guided modes in Bragg f ibers in the asymptotic limit. We find that the asymptotic approach greatly simplifies the problem and provides an excellent approximation to the exact solution, even when the radius of the low-index core is relatively small. Therefore we expect that the results in this Letter will greatly facilitate the design and analysis of Bragg fibers.
We consider a Bragg f iber composed of a lowindex core (refractive index n c ) surrounded by pairs of high-and low-refractive-index layers with n 1 and n 2 , respectively. Other parameters of the Bragg f iber are def ined in Fig. 1 . For guided modes we can factor out the temporal and the z dependence as exp͓i͑bz 2 vt͔͒ and the azimuthal dependence as cos͑lu͒ or sin͑lu͒. 1 If we use the asymptotic expressions 7 for the Bessel functions at kr !`to describe the cladding fields, the radial dependence of E z and H z becomes E z a c J l ͑k c r͒ 0 , r , r 1 ,
where With E z and H z known, other field components can be easily found from the derivatives of E z and H z . 1 The boundary conditions require E z , E u , H z , and H u to be continuous at the interface between two adjacent dielectric layers. Keeping only the leading terms for E u and H u in the asymptotic limit, we find the following matrix relations:
where A TE , B TE , A TM , and B TM are def ined as
Since A TE , B TE , A TM , and B TM are the same for all cladding layers, we can apply the Bloch theorem to the cladding fields:
These results clearly indicate that in the asymptotic limit the properties of Bragg f iber cladding resemble those of planar Bragg stacks. 6 Consequently, many results of planar Bragg stacks can be directly applied to Bragg fibers. For example, the condition Re͑A TE ͒ . 1 indicates the TE Bragg ref lection gap, in which exp͑iK TE L͒ becomes a real number. Also, to achieve optimal confinement in Bragg fibers, we should choose l 1 and l 2 such that k 1 l 1 k 2 l 2 p͞2 (i.e., quarter-wave layers).
To obtain the solution for propagation constant b we need to match the values of E z , E u , H z , and H u at r r 1 , which gives us
It becomes clear that for any l fi 0 the guided modes are a mixture of TE and TM modes. Only for the special case l 0 can the guided modes be classif ied as either TE or TM modes. Equation (5) governs the general mode dispersion in any Bragg fiber. A natural question arises: How accurate is this asymptotic result? It may seem that asymptotic approximations are only valid for a core radius of at least several wavelengths. However, such is not the case, as will be shown by the following example: To simplify our analysis we restrict ourselves to the TE modes. The low-index core of the f iber is air ͑n c 1͒, and the high and low refractive indices of the f iber cladding are n 1 3 and n 2 1.5, respectively. We choose the radius of hollow f iber core to be r 1 1 mm, and the f iber cladding parameters are l 1 0.130 mm and l 2 0.265 mm. These parameters are chosen so that the Bragg f iber cladding forms a quarter-wave stack for l 1.55 mm light. For the TE mode with l 0, Eq. (5) is simplif ied into
Within the spectral range of 1.4 mm , l , 1.6 mm, the Bragg fiber supports a single TE mode, whose propagation constant b is calculated with Eq. (6) and plotted in Fig. 2 two being less than 2%. Considering the small air-core radius, it is somewhat surprising that the asymptotic approximation performs so well. In our example, k c r 1 is approximately 3.8. Owing to the high refractive index of the first layer, k 1 r 1 is much larger, typically ϳ12. In the exact analysis, the f ields in the first cladding layer are described by J 0 ͑k 1 r͒ and Y 0 ͑k 1 r͒.
1 At x ഠ 12, the asymptotic approximations for J 0 ͑x͒ and Y 0 ͑x͒ are already quite accurate. This explains why the asymptotic limit provides such a good approximation even for relatively small fiber cores. We point out that cladding layers with a large refractive index have been experimentally fabricated, where cladding indices n 1 4.6 and n 2 1.59 are used. 4 Notice that in Fig. 2 the effective index b͞k 0 is always less than unity, which is a unique feature of guiding light in hollow-core Bragg f ibers. The dispersion of the TE mode, as can be seen from Fig. 2 , is quite strong, which is a direct results of the small air core. A larger air core reduces the dispersion of the Bragg fiber. At the same time, however, the Bragg fiber may support higher-order modes. Therefore, in the design of Bragg f ibers, we need to carefully balance the requirements of single-mode operation and small dispersion. The asymptotic results in this Letter provide an accurate and fast way of analyzing this problem.
It is also of interest to calculate the field distribution of the guided modes. For a conf ined TE mode, E z 0 and exp͑iK TE L͒, as given by Eq. (4), should be a real number with an absolute value less than 1. With these observations, from Eqs. (2) and (4) we f ind
where the overall constant C is determined by the condition of c c 1 in Eq. (1), which gives
The E u component can be easily found from the derivative of H z . 1 We calculate both H z and the E u f ield for the guided TE mode at l 1.55 in the Bragg fiber studied in Fig. 2 . In Fig. 3 we show the asymptotic solutions, together with the exact results obtained with the method presented in Ref. 1 . The two results agree well with each other, which again conf irms the accuracy of the asymptotic analysis. A particularly interesting feature of Fig. 3 is that the f ield decays to almost zero within only a few pairs of cladding layers, a direct result of large index contrast between the cladding materials. In fact, a short calculation of exp͑iK TE L͒ shows that it is possible to achieve 0.2 dB͞km loss with less than 20 pairs of cladding layers.
In conclusion, we have developed an asymptotic formalism that greatly simplif ies the analysis of Bragg fibers. Even for an example with relatively small central air core, the asymptotic results agrees well with the exact solutions. If more-accurate results are desired, we can treat the first several cladding layers exactly and use this asymptotic formalism for the rest of the cladding structure.
